The microalloying effect of Cu on the microstructure and magnetic properties of Fe3B/Nd2Fe14B nanocomposite permanent magnets has been investigated. With the optimum heat treatment condition, Cu-containing alloy exhibits much finer nanocomposite microstructure. Threedimensional atom probe (3DAP) results have revealed that Cu and Nd form a high density (~10 24 m -3 ) of Cu-Nd clusters containing 5.0 at.% Cu and 7.0 at.% Nd prior to the crystallization reaction of the Nd4.5Fe76.8B18.5Cu0.2 amorphous alloy. These clusters serve as heterogeneous nucleation sites for the Fe3B primary crystals. In the final Fe3B/Nd2Fe14B nanocomposite microstructure, Cu dissolves in the Nd2Fe14B hard magnetic phase uniformly. Improved magnetic properties have been obtained in the Cu-containing alloy, and this is attributed to the grain size reduction by the Cu addition.
Introduction
Magnetic properties of exchange coupled Fe3B/Nd2Fe14B nanocomposite magnets rely on their nanoscale microstructure. This is because the ferromagnetic exchange interaction between the soft and hard magnetic grains become stronger when the grain size reaches less than a few nanometer dimension.
1)-5) To improve the hard magnetic properties, grain size refinement is believed to be effective based on the micromagnetic theory 5) . Hirosawa et al. reported that the modification of the alloy composition as well as the microalloying are effective on improving the hard magnetic properties of the Fe3B/Nd2Fe14B nanocomposite magnets.
6)-8) Additives such as Co and Ga increase coercivity and (BH)max in comparison with the ternary alloy, and this makes the nanocomposite magnet commercially practical. This improvement may be due to the increase in the volume fraction of the hard magnetic Nd2Fe14B phase, which is caused by the preferential dissolution of Ga in the Nd2Fe14B phase. 9) In the case of the Nd5Fe77B18Cr3 alloy, Sano et al. 10) found that Cr atoms are partitioned in the Fe3B particles being completely rejected from the Nd2Fe14B phase. The effect of Cr was interpreted as a stabilizer for the Fe3B precipitates, which modify the tie lines in the ternary phase diagram. As such, the role of additives on the evolution of the nanocomposite microstructure is different depending on the element.
To better understand the correlation between the microstructure and the magnetic properties of Fe3B/Nd2Fe14B nanocomposite magnets, it is necessary to control the grain size without largely changing the volume fractions of the constituent phases. Addition of a small amount of Cu is alluring for this purpose, because it is known that Cu atoms form clusters in Fe-Si-B-Nb-Cu 11) and Fe-Zr-B-Cu 12) amorphous alloys in their early crystallization stages and they promote the nucleation of fine α-Fe grains. Similar effect of Cu addition may occur in the Nd-Fe-B system, thus we have added 0.2 at.% of Cu in a Nd4.5Fe77B18.5 alloy to investigate its effect on the crystallization reaction and the magnetic properties. This paper reports Cu microalloying leads to reduction of the grain size and improves the hard magnetic properties of a Fe3B/Nd2Fe14B nanocomposite magnet. Based on threedimensional atom probe (3DAP) and transmission electron microscope (TEM) results, the mechanism of the grain size refinemet of the Fe3B/Nd2Fe14B nanocomposite microstructure is discussed.
Experimental
Arc-melted alloys, with a nominal composition of Nd4.5Fe77B18.5 and Nd4.5Fe76.8B18.5Cu0.2, were melt-spun onto a Cu roll at a rolling speed of 20 m/s in an argon atmosphere. The as-cast ribbons with 1.3 mm in width and 45 µm in thickness were in the amorphous state. They were crystallized by isothermal annealing in vacuum-sealed quartz tubes at various temperatures for 10 min. Crystallization temperature was measured in a differential scanning calorimeter (DSC) using a heating rate of 20°C/min from room temperature to 700°C.
The ribbon shaped specimens were mechanically ground to square rods of approximately 20 µm × 20 µm × 5 mm and then sharpened by the micro-electropolishing technique for obtaining field ion microscope (FIM) tip samples. A three dimensional atom probe (3DAP) equipped with CAMECA ′s tomographic atom probe (TAP) detection system 13) were used in this study. Atom probe analyses were performed at tip temperatures of about 60 K in a ultrahigh vacuum condition (< 1 × 10 -8 Pa) with a pulse fraction (a ratio of pulse voltage to the static voltage) of 0.2 and a pulse repetition rate of 600 Hz. A Philips CM200 TEM operated at 200 kV was used for TEM observation.
Results
The magnetic properties of the Nd4.5Fe76.8B18.5Cu0.2 and Nd4.5Fe77B18.5 melt-spun alloys annealed at various temperatures for 10 min are shown in Table 1 . The optimum magnetic properties with HcJ = 278.69 kA/m and (BH)max = 97.19 kJ/m 3 are obtained from the Cucontaining alloy annealed at 660°C for 10 min. Apparently, the overall magnetic properties are enhanced by adding small amount of Cu. Another noteworthy finding is that the magnetic properties of the Nd4.5Fe76.8B18.5Cu0.2 alloy do not show much change from 600°C to 680°C, unlike the ternary one. This result suggests that the microstructure of the quaternary alloy is very stable in the above temperature range. Two exothermal peaks are observed at 583°C and 606°C in the DSC trace of the Nd4.5Fe76.8B18.5Cu0.2 alloy performed at a heating rate of 20°C/min as shown in Figure 1 . The first peak corresponds to the primary crystallization of the soft magnetic Fe3B crystals. The second peak corresponds to the polymorphous crystallization of the Nd2Fe14B hard magnetic phase from the remaining amorphous. The primary crystallization temperature of the quaternary alloy is lower by 20°C than that of the ternary alloy. This suggests that addition of Cu enhance the kinetics of the crystallization. min. According to a TEM observation result, the specimen was still largely amorphous with a small amount of Fe3B primary crystals. It is apparent that Cu atoms form clusters, the density of which is estimated to be in the order of 10 24 m -3 . Figure 3(b) shows the compositional profiles determined from a selected small volume, which just go though a Cu cluster. Cu concentration in the Cu-enriched region is approximately 5 at.%, which is significantly lower than those observed in the Fe-Si-B-Nb-Cu nanocrystalline soft magnet 14) . It should be also noted that Nd is also enriched (~7 at.%) in the Cu-enriched region. This is because Nd atoms has strong affinity with Cu atoms. In these regions, the total atomic fraction of Nd and Cu is still much lower than those expected from any known Nd-Cu compounds, thus we believe that the structure of these Cu-Nd clusters are still amorphous. From Fig. 4(b) , it can be clearly seen that each Cu cluster is located at the interface between Fe3B crystal and the amorphous matrix in direct contact with the Fe3B particles. This result suggests that Cu-enriched regions (or clusters) serve as heterogeneous nucleation sites for the Fe3B primary crystals. By annealing the specimen at 660°C for 10min, fully crystallized microstructure is obtained as shown in Fig. 2 . At this stage, no amorphous phase remain in the microstructure, and the Fe3B/Nd2Fe14B nanocomposite microstructure which give rise to the optimum hard magnetic properties is formed. Figure 5 (a) and 5(b) show Nd and Cu elemental mappings obtained by 3DAP, respectively. The Nd enriched region corresponds to Nd2Fe14B phase. An inter-connected network of the hard Nd2Fe14B phase can be clearly seen. The interconnected feature of the Nd2Fe14B phase is because they are crystallized from the remaining amorphous matrix phase by the polymorphic crystallization. From the Cu elemental mapping, one can see that the Cu atoms dissolve in the Nd2Fe14B phase and the cluster observed in the early crystallization stage is completely dissolved in the Nd2Fe14B phase. 
Discussion
A uniform distribution of the solute elements in the asquenched Nd4.5Fe76.8B18.5Cu0.2 alloy with an amorphous structure has been confirmed by 3DAP analysis, and the solute concentrations determined with this method match well with the nominal composition. After annealing the specimen at 530°C for 10 min, Cu-enriched regions (Cu clusters) with a density of 10 24 m -3 have been detected. At this stage, the major phase is still amorphous, and only a small amount of Fe3B fine particles has been observed by TEM. Thus, this stage is believed to be the nucleation and growth stage of the Fe3B primary phase. After annealing at 530°C for 30 min, a higher density of Fe3B particles precipitate. 3DAP results have clearly shown that Cu clusters are in direct contact with Fe3B grains, and this strongly suggests that Fe3B nanocrystals nucleate at the site of Cu clusters.
According to the TEM observation result (Fig.4(a) ), the average Fe3B grain size is around 10nm, thus, the density of the Fe3B particles is estimated to be about 1.3 × 10 about 70 % at this stage. A 70% volume fraction of the Fe3B phase was suggested in the fully crystallized ternary alloy, 2 so the volume fraction of the Fe3B phase in the partially crystallized alloy is actually lower than 70 %. The number of the Cu clusters is enough to provide with heterogeneous nucleation sites for the primary Fe3B phase. Atom probe results have revealed that Nd concentration in the Cu clusters is higher than that of the matrix. This is due to Nd has strong affinity with Cu (large negative enthalpy of mixing ). On the other hand, Cu has a large positive enthalpy of mixing with Fe, thus it has a tendency of phase separation with Fe based phase. When Cu atoms form clusters by phase separation within the Ferich amorphous phase, Nd atoms are attracted to the Cuenriched region, resulting in co-segregation of Cu and Nd. As a result, enrichment of B and depletion of Nd occur at the Cu cluster/amorphous interface, and this benefit for the formation of Fe3B phase adjacent to the Cu clusters. Based on the present results. The crystallization process of the Cu-containing alloy can be schematically presented as shown in Fig. 6 . Initial amorphous phase is chemically uniform. By annealing, Cu and Nd co-segregation (Cu clustering) occurs. Those Cu-Nd enriched regions serve as heterogeneous nucleation sites for the primary Fe3B phase in the following heat treatment. At the final stage of the crystallization, Cu atoms are rejected from the Fe3B particles and partitioned in the Nd2Fe14B phase, which are crystallized from the residual amorphous matrix. Unlike the soft magnetic Fe-Si-B-Nb-Cu and Fe-Zr-B-Cu alloys 11, 12) , Cu clusters do not evolve to fcc-Cu particles in the final microstructure. The Cu and Nd enriched region is completely dissolved when the Nd2Fe14B phase is formed by the polymorphous crystallization from the remaining Nd-enriched amorphous phase.
Conclusions
Microalloying of Cu to Nd4.5Fe77B18 amorphous alloy has been found to be effective on reducing the grain size, thereby improving the hard magnetic properties of Fe3B/Nd2Fe14B nanocomposite microstructure. At the early stage of the crystallization, Cu and Nd co-clustering occurs with a density of approximately 10 24 m -3 . These clusters provide with heterogeneous nucleation sites for the Fe3B primary crystals, by which the final nanocomposite microstructure is refined. 
